Abstract. The directed transport properties of feedback coupled Brownian ratchets under the effect of external periodic force and load force are investigated. The influence of the coupling strength on the transport properties of coupled system is discussed in detail. It is found that the centre-of-mass mean velocity, the average diffusion coefficient and the energy conversion efficiency of the feedback system can achieve the maximum for the different optimal coupling strength, and the maximum move to right with the increase of the natural length. It implies that the optimal coupling strength and natural length can promote the directed transport and energy conversion efficiency of the feedback ratchets.
Introduction
Brownian motion in the environment of the thermal fluctuations is a long-study issue in nonequilibrium statistical physics.
In recent years, the directed transport properties of Brownian ratchets attract the widespread attention of scholars [1, 2] Only when the systems meet the spatio-temporal symmetry-breaking feature can produce the directed transport. The Brownian ratchets satisfy this condition, and that can take advantage of noise as it converts random fluctuations into directed motion without external force [3] [4] [5] Some properties of directed transport can be obtained through this interesting phenomenon, such as the center-of-mass mean velocity, the energy conversion efficiency, etc. In addition, Brownian ratchets have the wide application in bioengineering and nanotechnology.
There are some work of the directed transport for Brownian ratchets [6, 7] The main concern of this paper is the directed transport properties of the feedback coupled Brownian ratchets under the external force and the effect of coupling.
For discussing the transport properties of coupled ratchets in detail, the center-of-mass mean velocity, the average diffusion coefficient, the Pe number and the energy conversion efficiency of the coupled ratchets are investigated. It is interesting to find that there is an optimal coupling strength which can facilitate the directed transport and diffusion of the feedback system, and the energy conversion efficiency can reach a maximum as the coupling strength increasing.
Meanwhile, these conclusions can provide some guidance for the enhancement of the efficiency in nano-machines. The dynamic behavior of particles can be described by the overdamped Langevin equation [8] :
The locations of the two coupled particles at the time t are represented by 1 ( ) x t and 2 ( ) x t , J indicates the friction coefficient. k is the elasticity coefficient and l is the natural length. O denotes the load force. The external force acting on the particles is ( ) F t , and it can be expressed as follows,
In Eq. (3), A is the amplitude of periodic external force, W is the period of external force. In addition, 1 ( )
are Gaussian white noise of zero mean and
in Eqs. (1) and (2) denotes the force acted on the particles by the ratchet potential, and it can be given by the relation
where ( ) i U x indicates the external periodic potential, and can be expressed as follows,
d is the barrier height. L is the period of ratchet potential, and the ratchet period 1 L . In the Eqs. (1) and (2) 
where 4 is Heaviside function. In Eq. (6), ( ) g t can be expressed as
So Eqs. (1) and (2) are the motion equations of the feedback coupled Brownian particles. In order to obtain the transport properties of feedback ratchets, the center-of-mass mean velocity of the coupled particles is investigated, and it can be written as [9] 2 0 1
which ! indicates the ensemble average. Because of the diffusion of coupled Brownian particles at all times, we describe the fluctuation of particle displacement by introducing the average effective diffusion coefficient eff
In addition, we also calculate the Pe number for describing the directed transport properties of the coupled Brownian particles [11] .
The Pe number reflects the ability of the directed transport of the feedback ratchets.
For discussing the properties of directed transport from the view of energy transform, the energy conversion efficiency of the coupled ratchets K is calculated . [12] . As usual, the efficiency K is defined as the ratio of the useful DOI In this paper, the Eqs. (1) and (2) are numerically solved by using the stochastic Runge-Kutta algorithm. In order to obtain a stable ensemble average, we simulate there is an optimal value of the coupling strength which can make the enter-of-mass mean velocity achieve the maximum.
Furthermore, the optimal coupling strength moves to right with the increase of the natural length, this indicates that the feedback ratchets need the larger coupling strength to make the directed transport of coupled system reach the maximum. In order to obtain the directed transport of Brownian particles in depth, the average diffusion coefficient eff D varying with the coupling strength for different natural lengths is discussed. The result is shown in Figure 1(b) . It can be found that the average diffusion coefficient eff D can achieve the maximum with the increase of coupling strength, and the maximum of the coupling strength increases as the natural length increasing. In addition, we can clearly see that it is not constructive to promote the diffusion of the feedback ratchets when the coupling strength is too weak or strong. It can be explained that the weak coupling effect is not enough to cause the coupled particles diffusion. Moreover, the strong coupling effect restricts the particles and hinders the diffusion of the feedback ratchets. Furthermore, when the coupling strength is fixed, if 0.075 K , the feedback ratchets diffuse more easily with the increase of the natural length. For understanding the transport property of feedback ratchets from the perspective of energy utilization, the energy conversion efficiency is discussed. As shown in Figure 1(d) , it is clearly found that the efficiency curves and the velocity curves have the similar results. The efficiency of the coupled ratchets is not large when the coupling strength is too weak or strong. Therefore, the optimal coupling strength can promote the efficiency of energy conversion to reach the maximum. From Figure 1 (a) and 1(d), it is interesting to note that the coupled ratchets can produce larger transport when the particles use the input energy more efficiently. And the maximum of efficiency will move to right as coupling strength increasing. It implies that the feedback ratchets need larger coupling to make the energy conversion efficiency achieve the maximum with the increase of the natural length.
Conclusion
The directed transport properties of feedback coupled Brownian ratchets under the effect of external periodic asymmetric force and load force are investigated, and the impact of the coupling strength on the transport properties of coupled ratchets is discussed in detail. It is found that the center-of-mass mean velocity, the average diffusion coefficient, and the energy conversion efficiency can achieve the maximum as the coupling strength increasing for the different natural lengths. In addition, the Pe number reaches the minimum with the increase of coupling strength. Therefore, the optimal parameters are important to enhance the directed transport of feedback coupled ratchets. These conclusions can be applied in separation of particles and the improvement of the efficiency for biomolecular motors.
